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Introduction
The development of antibodies to different nucleic acid conformations provides a powerful tool to study the structure and function of nucleic acids. Not only do they allow identification of their physical and chemical properties but they can also assess functional aspects of the chromatin (for review see 47).
Among the helical structures currently investigated under an immunological focus, DNAlRNA hybrids deserve special attention for the purpose of this present work. From early detection in Drosophila nucleic acids (23), their natural occurrence is mainly supported by the existence of RNAse H in living systems (16,61). DNAlRNA hybrids have since then been postulated as intermediates in the transcription process. Antibodies to DNAlRNA hybrids (48) have been employed either for in situ hybridization with specific RNA probes (39) or to detect endogeneous DNAlRNA hybrids on polytene chromosomes (40). In the latter case, the presence of DNAlRNA hybrids is markedly related to transcriptional activity, as discussed in subsequent reports (1.8,ll). Although the immunological detection of DNAlRNA hybrids was a useful approach to map transcriptionally active chromosomal loci, it did not have the expected receptivity. Use of this method was therefore restricted to the polytene chromosomes and light microscopy.
In situ study of the transcription sites in the interphasic nucleus has been classically pursued by electron microscopic autoradiography (7). Depending on the duration time of the radioactive uridine incorporation and pulse-chase experiments, this method has shown different nuclear structures as the sites of transcription, processing, andlor transport of RNA in various mammalian and plant cells (14,33,36,37). Nevertheless, many of these fmdings are presently under discussion because of the inherent limitations of the technique, such as the comparatively large size of the silver grains and the spreading of radiation from its source (54).
New insights into transcription in situ have been offered by in situ hybridization with non-isotopic probes (18,19,28) . The use of probes encompassing different fragments of discrete genomic sequences has been widely tested by electron microscopy in recent years, providing data on the ultrastructural localization of different genes and their products in various cell types (17, 24, 26, 30, 31, 34, 55, 56, 59, 60) . Nevertheless, in the case of ribosomal transcription, controversial results have been reported with this methodology. Various groups have localized the rRNA transcription sites at the interior or at the periphery of the fibrillar centers (29,41, 53,55,56), whereas other groups found them in the dense fibrillar component (17, 46, 59, 60) .
Another approach to non-isotopic ultrastructural mapping of the transcription sites has been recently reported on mammalian cells (12). It is based on in vivo incorporation of S-bromouridine-5'-triphosphate into the RNA and subsequent immunogold labeling of the incorporated precursors, but permeabilization of the cells with streptolysin 0 is required for an efficient incorporation. This permeabilization constitutes a problem for maintenance of a good ultrastructural preservation and also makes the application of this method to other cell types, such as plant cells or other tissues, more difficult.
We present here a new approach to studying transcription sites in situ. We have used anti-DNA/RNA hybrid antibodies (20) for the first time at the electron microscopy level to study interphasic nuclei. DNA/RNA hybrids are localized on different structures of the interchromatin region and several zones of the nucleolar fibrillar components of mammalian and plant cells. This immunogold labeling-based method can be combined with other cytochemical and immunocytochemical techniques (52) . which would provide additional data on the structures in which these DNA/RNA hybrids are localized.
Materials and Methods

Cells and TissueJ
Several cell types (human and plant cells) were used.
HeLa S3 cells were grown in suspension at 37°C in Jokliks minimal essential medium supplemented with 7.5 Oh newborn calf serum and 2.5% inactivated fetal calf serum. Monolayers were fixed (see below) by replacing the medium with fixative, and then were scraped from the container and centrifuged. The pellets were then subjected to dehydration and embedding for electron microscopy.
Resting Human Lymphocytes. Peripheral blood was drawn from a healthy young donor. Lymphocytes were isolated from the heparinized blood by centrifugation on FicollIIsopaque and washed three times with Hank's balanced salt solution. Then lymphocyte pellets were fixed (see below), incubated in 50 mM ammonium chloride for 60 min, and processed for electron microscopy.
ALLzum cepa L. root meristems were used as plant tissue. Onion bulbs were germinated under standard conditions at 15°C. The tips were carefully excised from bulbs and processed as described below.
Anti-DNA/RNA Hybrid Antibody
The anti-DNAIRNA hybrid antibody was kindly provided by Dr. B. D. Stollar. It is a goat DEAE-purified IgG from animals immunized by poly(A)-poly(dT) hybrids complexed to methylated bovine serum albumin (BSA) (20).
Processing for Electron Microscopy
HeLa and onion root meristematic cells were fixed in 4% formaldehyde and lymphocytes in 0.5% glutaraldehyde-4% formaldehyde in PBS at 4°C human cells for 1 h and plant cells overnight. After rinsing in PBS they were dehydrated in a methanol series and embedded in Lowicryl K4M at -20°C under uv irradiation ( 5 ) .
Immunogold Labeling
Ultra-thin Lowicryl sections 50-70 nm thick from all samples were mounted on formvar-and carbon-coated gold grids and floated on the following reagents: 50% formamide in 2 x SSC (1 x SSC = 0.15 M sodium chloride, 0.015 M sodium citrate) for 10 min; PBS three times for 1 min each; and 5 Oh BSA in PBS for 5 min. Then the grids were incubated in the goat anti-DNAIRNA hybrid antibodies (20) diluted 1:lOO-1:300 in PBS containing 1% BSA for 1 h. After several washings in PBS, they were floated in rabbit anti-goat IgG conjugated to 10-nm colloidal gold particles (BioCell; Cardiff, UK) diluted 1:25 in PBS containing 1% BSA for 45 min. They were subsequently washed in PBS and bidistilled water and air-dried. Finally, the sections were counterstained with uranyl acetate and lead citrate as usual. Sec- tions were observed in a Philips EM 300 at 80 kV.
Control Experiments
Several controls were performed to demonstrate the specificity of the labeling obtained with the antiserum.
RNAse H Digestion. The ultra-thin Lowicryl sections were treated with the RNAse H (Promega; Madison, WI), 1.5 UIgrid, in 2 x SSC at 37°C for 2 h. Then they were washed twice in 2 x SSC at 37°C and once at room temperature, 5 min each. After enzymatic digestion the sections were washed in PBS and incubated with the antibodies as described above.
Pre-blocking of the Primary Antibody with Synthetic DNA/RNA Hybrids. Oligo-dT cellulose matrix 0.1 mg (BRL; Gaithersburg, MD) was re-suspended in 400 pl of 2 x SSC containing 0.25 mglml RNA poly-A (Sigma; St Louis, MO). The mixture was incubated for 6 h at 37°C. After spinning, the supernatant was discarded and the matrix was re-suspended in 1 x PBS. Goat anti-hybrid IgG diluted 1:lOO was added to the hybrid suspension and the mixture was incubated at 37% for 1 h. After spinning, the supernatant was then used as the first antibody for immunogold labeling.
Control for Nonspecific Binding of the Secondary Antibody. The same procedure as described for immunogold labeling. but replacing the first antibody by 1% BSA in PBS, was used.
Ultrastructural I m munolocalizatio n of DNA/RNA Hybrids
The anti-DNA/RNA hybrid antibodies provided immunogold labeling on several nuclear regions in the mammalian and plant cells tested, whereas the cytoplasm appeared free of labeling in all cases (Figures 1-7 ). After incubation with the antibodies, gold particles appeared only on certain structures of the interchromatin region and on some areas of the nucleolus, whereas condensed chromatin did not show labeling ( .. .
TESTILLANO, GORAB, R I S U E~~O
DNA/RNA Hybrid Localization in the Interchromatin Region. Labeling on the interchromatin region was mainly found on fibrillar structures, frequently at the periphery of the condensed chromatin masses (Figures 1 and 3 -6) . This labeling of the interchromatin space appeared either as isolated particles or in small clusters (Figures 1 and 3-6 ).
For HeLa cells, the nucleus showed small patches of condensed chromatin. The large interchromatin region of the HeLa cells was not homogeneously labeled after the anti-DNAlRNA hybrid immunolocalization, the main labeled structures being the perichromatin fibers (Figure 1 ). The clusters of interchromatin granules and the perichromatin granules appeared free of labeling ( Figure 1 ).
The resting human lymphocytes were the least labeled among the cell types studied. Only a few gold particles were found on the interchromatin region of these nuclei (Figures 3-5 ). Labeling appeared on some perichromatin fibers, frequently at the periphery of the large condensed chromatin masses displayed by these cells (Figures 3 and 4) . The peri-and interchromatin granules, which are very abundant in these nuclei, were mainly free of labeling .
In the reticular organization of the plant cell nucleus, the interchromatin region forms a network among the large chromatin masses (49); gold particles were seen widespread throughout this nuclear compartment. Labeling always appeared over different fibers, whereas the 30-50-nm granules present in these nuclei did not show gold particles ( Figure 6 ). On HeLa cell nucleoli several FCs are usually seen; they are surrounded by a thin layer of DFC, which forms a reticulum on these nucleoli. The granular component (GC) also forms tracks that are intermingled with the DFC and FCs. Labeling with the anti-DNAlRNA hybrid antibodies appeared as small clusters on certain zones of the DFC which surrounds the FCs (Figures 1 and 2) . The FCs were mainly free of labeling; only a few particles were occasionally found on some of them (Figure 2) . The abundant GC of these cells did not show labeling (Figure 1) .
The nucleolus of the resting human lymphocyte shows a large and central FC around which the DFC is organized; some GC is also intermingled with the DFC. Only a few gold particles were seen on these nucleoli after immunogold labeling with the antiserum; they were localized over discrete regions of the DFC near the FC (Figures 3-5 ).
The plant nucleolus shows a large DFC in which small FCs are seen as clearer areas; the GC surrounds and is also intermingled with the DFC. After incubation with anti-DNAlRNA hybrid antiserum, gold particles decorated discrete regions of the DFC, frequently near the FCs (Figure 7) . Gold particles over these zones of the DFC were mainly seen forming small clusters, even though isolated particles could also be found (Figure 7 ). The FCs appeared mainly free of labeling, but occasionally isolated gold particles were observed in some of them (Figure 7) .
Specificity of LabeLing with the Antiserum
Different experiments were carried out to evaluate the specificity of the immunogold labeling provided by the anti-DNAlRNA hybrid antiserum.
The nuclear labeling disappeared when the section was previously treated with RNAse H, which specifically hydrolyzes the RNA strand of the DNAlRNA hybrids. The RNAse H digestion performed on the section completely abolished binding of the antibody to any structure of the different nuclear compartments in the three cell types tested (Figure 8 ).
Specific binding of the antibodies was also tested by pre-blocking the antiserum with synthetic poly(A)-poly(dT) hybrids. When the anti-DNAIRNA hybrid antibodies were previously incubated with the synthetic hybrids and used for subsequent immunogold labeling on the sections, the results were negative in all cases. No gold particles appeared on the nucleolus or the interchromatin structures of the mammalian and plant cells used.
Control, experiments omitting the first antibody also provided negative results in all cell types.
The levels of background in the different control experiments were extremely low. The majority of the cells were completely devoid of labeling and only a few showed a few gold particles per cell.
Discussion
In this work, a new approach for studying transcription sites in situ has been developed. We have studied the ultrastructural distribution of DNAlRNA hybrids in the nuclear compartments of different mammalian and plant cells by using an immunogold labeling approach with antibodies directed against hybrid molecules (48). On the basis of our results, we propose the use of this simple and useful method to study in situ localization of nucleolar and extranucleolar transcription.
Concerning the specificity of the anti-hybrid antibodies, it was demonstrated first in assays with soluble antigens (20), besides being widely employed in immunofluorescence reactions with polytene chromosomes (2,4,21,58; and references cited in the Introduction). The present report shows the specificity of this antibody in different ways. First, DNAlRNA hybrids were not detected in unexpected subcellular compartments, such as the condensed chro- matin masses, the nucleolar granular component, or the cytoplasm. Labeling was also found to be highly sensitive to previous treatment of the sections with RNAse H. Finally, no staining was observed when the anti-hybrid antibody was previously incubated with synthetic DNAlRNA hybrids before being used as primary antibody for immunogold labeling.
Our results indicate that the antiserum can bind hybrid molecules even after the processing used for electron microscopy. Fixation with either formaldehyde or formaldehyde with a low concentration of glutaraldehyde, followed by methanol dehydration and Lowicryl embedding, has proved to be a suitable processing method for EM immunodetection of nucleic acids and other nuclear antigens not only in animal (5,6,9,32) but also in plant cells (49-52) . Blocking of the free aldehyde groups by ammonium chloride is also recommended when a low concentration of glutaraldehyde is used (6). This method combines good ultrastructural preservation, which leads to clear distinction of the subnuclear structures, and maintenance of the antigenicity of the DNAlRNA hybrid conformation, together with the good accessibility provided by the resin (9). The use of Lowicryl sections also enables the DNAlRNA hybrid immunolocalization to be combined with other cytochemical and immunocytochemical techniques, as reported for other antibodies (49,51,52) , which provides additional data on the structures where the hybrids are localized. An alternative use of anti-DNA/RNA hybrid antibodies is their application for in situ hybridization experiments at the ultrastructural level (manuscript in preparation).
The gold particles found on the perichromatin fibers of the mammalian cell nuclei clearly correlate with previous findings showing that transcription occurs at the periphery of the condensed chromatin masses (13,14,29,33) . Different splicing factors have been also localized on these perichromatin fibers (27,44,45,57) . In this way, the fact that the labeling found on the resting lymphocytes nuclei was lower than that in the other cells tested could be related to the low transcriptional activity rate shown by these blood cells  (35,42,43) . In the plant cells, the fibers of the interchromatin region where the hybrids were immunolocalized have been reported to contain several macromolecules involved in transcription, such as RNA pol 11, DNA, RNPs, and splicing (22,25,38,49,51,52) .
For the nucleolus, labeling was found in all cell types tested on discrete regions of the DFC close to the FCs, and in a few cases some gold particles were observed inside the FCs. The low number of gold particles observed in the nucleolar components of the lymphocytes can be explained by the fact the nucleolus of these cells is in a resting state in terms of rRNA synthesis (3,10,15,42) . In the plant cells, the labeling with the anti-hybrid antiserum is in agreement with previous data on the localization of DNA and RNA in nucleolar components by different methods of detection in situ (26; and revision by Risueiio, in preparation). These results support the implication of regions of the DFC close to the periphery of the FCs in ribosomal transcription. On the other hand, the use of this method on other cell types in which data supporting the rRNA synthesis on the FCs have been reported (41,53,55,56) will shed new light on the current controversy about the site of transcription on the nucleolus. However, as previously suggested (12,34) , both fibrillar components of the nucleolus (FCs and DFC) should be considered as a functional unit involved in transcription.
In short, this new ultrastructural method constitutes a very useful tool to map transcriptionally active loci in a variety of cells.
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